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ABSTRACT The Saccharomyces cerevisiae genes PRP2,
PRP16, and PRP22 encode pre-mRNA splicing factors that
belong to the highly conserved ‘‘DEAH’’ family of putative
RNA helicases. We previously identified two additional mem-
bers of this family, JA1 and JA2. To investigate its biological
function, we cloned the JA1 gene and generated alleles carry-
ing mutations identical to those found in highly conserved
regions of other members of the DEAH family. A ja1 allele
carrying a mutation identical to that in the temperature-
sensitive (ts) prp22–1 gene conferred ts phenotype when
integrated into the genome of a wild-type strain by gene
replacement. Northern analysis of RNA obtained from the ts
strain shifted to a nonpermissive temperature revealed accu-
mulation of unspliced pre-mRNAs and excised intron lariats.
Furthermore, analysis of splicing complexes showed that
intron lariats accumulated in spliceosomes. The results pre-
sented indicate that JA1 encodes a pre-mRNA processing
factor (Prp) involved in disassembly of spliceosomes after the
release of mature mRNA. We have therefore renamed this gene
PRP43.
Numerous genes from Escherichia coli to humans encode
proteins that belong to a highly conserved superfamily that
comprises many well characterized DNA helicases and puta-
tive RNA helicases. Proteins encoded by these genes share
extensive homology over a 300-amino acid domain containing
seven highly conserved motifs (reviewed in refs. 1 and 2).
These proteins can be grouped into families according to the
sequences of the seven motifs. For example, the ‘‘DEAD-box’’
family is characterized by the amino acid sequence D-E-A-D
in motif II, while the ‘‘DEAH-box’’ family, also named after its
invariable sequence in motif II, has an additional 300-amino
acid C-terminal domain present only in DEAH-box proteins.
Although specific functions of the putative RNA helicases in
pre-mRNA splicing have not yet been elucidated at the
molecular level, it is likely that these proteins modulate the
network of RNA–RNA interactions that occur during spliceo-
some assembly and splicing of pre-mRNA (3, 4). For example,
in the early stages of spliceosome assembly the U4 and U6
small nuclear RNAs (snRNAs) are extensively base paired to
form a double-stranded structure that is completely dissoci-
ated before the first catalytic step of splicing (5–7). Consistent
with the need of energy to unwind the double-stranded
structure, the DEIH-box protein Slt22yBrr2 has been impli-
cated in the dissociation of the U4yU6 small nuclear ribonu-
cleoprotein particle (snRNP) (P. Raghunathan and C. Guth-
rie, personal communication) as well as in the regulation of
U2, U6, and U5 snRNA interactions (8). The DEAH-box
factor Prp16 has been proposed to mediate conformational
changes in the spliceosome (9) and to play a proofreading role
in selecting the proper splice sites and branch point (10). The
DEAD-box protein Prp5 has been proposed to mediate an
ATP-dependent conformational change in the U2 snRNP
prior to binding to the branch site of pre-mRNA (3, 11, 12).
Furthermore, an ATP-dependent reaction catalyzed by the
DEAH-box protein Prp2 (13) is required for activation of the
spliceosome (14, 15), while the DEAH-box protein Prp22 is
required for release of the mRNA from the spliceosome and
initiation of spliceosome disassembly (16). The previous stud-
ies have thus established that members of this family of
spliceosomal ATPases play a central role in the spliceosome
assembly cycle and splicing.
We have previously identified two members of the DEAH
family of putative RNA helicases, JA1 and JA2 (16). In this
work we report the molecular cloning of JA1 and present
evidence indicating that JA1 is involved in pre-mRNA splicing
and constitutes a pre-mRNA processing (Prp) factor that we
have renamed Prp43.
MATERIALS AND METHODS
Strains and Extracts. Wild-type Saccharomyces cerevisiae
strains used were SS330 (MATa ade2–101 hisD200 tyr-1 ura3–
52) and J1003.IE (Mata His3–111 Ade2–1 Ura3–1 Leu2–3,112
Can100). Temperature-sensitive (ts) strains prp2–1, prp16–2,
and prp22–1 were previously described (17). Splicing extracts
were prepared as described (14).
General Methods. Yeast cultures, transformations, and
other techniques were as described (18). Sequencing was
performed with the United States Biochemical Sequenase kit
used as directed.
Electrophoresis of Total RNA. For Northern blot analysis of
total yeast RNA, 10 ml of total RNA (15 mg) was treated with
16 ml of dimethyl sulfoxide, 5.3 ml of glyoxal, and 1 ml of 320
mM sodium phosphate, pH 7.0. The mixture was heated at
50°C for 60 min, and the sample was supplemented with
bromophenol blue (BPB) and electrophoresed (7 hr, 90 mA)
in a 25-cm-long horizontal 1.2% agarose gel in 10 mM sodium
phosphate, pH 7.0, with constant buffer recirculation. In this
system the excised intron comigrated with BPB. This system
provides good resolution of the RNA species produced during
in vivo splicing of actin pre-mRNA and of snRNAs.
Plasmids and Constructs. pRS303EV2 was generated by
deletion of the HincII–EcoRV fragment from the integrative
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plasmid pRS303 (19). pRSEVJA1sn was obtained by cloning
the EcoRI–SacII fragment of the PRP43 gene (lacking its
promotor and first 48 codons) into the same sites of
pRS303EV2. pRSJA1 carries the complete PRP43 gene, in-
cluding the HindIII and SacII sites upstream and downstream
of the PRP43 ORF, respectively, inserted into the same sites of
pRS316 (19). pRSJA1sn contains the truncated EcoRI–ScaII
PRP43 fragment inserted into pRS316. pYCP.JA1 was isolated
from a genomic library and contains an '15-kb genomic
fragment inserted into pYCP50.
RESULTS AND DISCUSSION
Molecular Cloning. A fragment of the PRP43 gene (JA1),
was isolated from PCR products obtained with degenerate
oligonucleotides designed to amplify members of the DEAH
family of genes (16), and this gene fragment was used as a
probe for colony hybridization to obtain the complete gene
from a yeast genomic library. DNA sequencing revealed a
2,301-nt ORF that included the 600-bp PCR probe. The PRP43
ORF predicts a 767-amino acid, 87.5-kDa polypeptide, Prp43,
that can be divided into three domains. The 100-amino acid
N-terminal domain is unique to Prp43 and shows no homology
to other known proteins; the central domain, residues 100–
440, contains a highly conserved DEAH-box putative RNA-
helicase domain homologous to splicing factors Prp2, Prp16,
and Prp22; and the 300-residue C-terminal domain of un-
known function is uniquely conserved in DEAH-box proteins
(16). No sequence homology has been found to date between
the C-terminal domain of DEAH proteins and any other
proteins (Fig. 1).
Generation of Conditional Mutants. Clues to the biological
function of a newly identified gene can be obtained by studying
ts and dominant-negative (dn) alleles. Many ts and dn alleles
of the DEAD and DEAH families have point mutations within
the highly conserved motifs of this protein family. We reasoned
that introduction of some of these point mutations at homol-
ogous positions in Prp43 was likely to yield prp43 alleles
exhibiting similar phenotypes. We performed oligo-directed
site mutagenesis on a truncated copy of PRP43, (i.e., JA1sn,
lacking a promoter and an N-terminal domain), to generate
prp43 alleles carrying the mutations G194D, E315N, G395E,
and S247L, which are homologous to mutations found in
prp2–1, prp16–2, prp22–1 and prp2-dn1, respectively, all
DEAH-box genes. (Fig. 1). The mutagenized truncated gene
was inserted into a yeast integration plasmid (pRS303EV2)
carrying the HIS3 marker. The resulting construct was linear-
ized at the unique EcoRV site within the PRP43 fragment and
was used to transform a wild-type haploid strain. The mutant
sequence integrated into the genome by homologous recom-
bination, disrupting the wild-type sequence and conferring a
histidine-independent (HIS1) phenotype.
Screening of a small number of HIS1 transformants re-
vealed several colonies with an apparent ts phenotype at 37°C:
G194D, 9y34; E315N, 7y62; and G395E, 25y35 (numbers
indicate ts coloniesytotal colonies). Due to the generation of
duplicated sequences by the integration event, simple recom-
bination events are expected to occur at a frequency of 1024
(20), causing the appearance of revertants. Therefore, colonies
with a ts phenotype were streaked and replated several times
to isolate strains with a stable phenotype. Stable ts HIS1
G395E transformants were obtained; however, no ts G194D or
E315N transformants were isolated, suggesting that strains
carrying these alleles may be unstable. The same results were
obtained with two different wild-type strains as recipient. In
each case, G194D transformants grew very slowly and colonies
remained very small, indicating that this mutation has an
unconditional deleterious effect. Repeated attempts to obtain
stable ts E315N transformants were unsuccessful.
G395E Transformants Exhibit a ts Phenotype. The presence
of the G395E mutation in a stable transformant (prp43–1) was
confirmed by sequencing PCR products from genomic DNA
(data not shown). We found that prp43–1 cells grew normally
at 23°C but could not grow on yeast extractypeptoneydextrose
(YPD) agar at 37°C, thus showing a ts phenotype. However, in
liquid YPD medium, prp43–1 cells cultured at 23°C and shifted
to 37°C, began to grow slowly after a prolonged lag phase
lasting up to 24 hr and reached a wild-type growth rate after
several generations. Interestingly, prp43–1 cells actively grow-
ing at 37°C in liquid YPD were still unable to grow at 37°C
when transferred to YPD agar, indicating that growth in liquid
medium at nonpermissive temperature is not due to the
generation of revertants. Furthermore, after plates were kept
for 4 days at 37°C and shifted back to 23°C, growth resumed,
FIG. 1. Alignment of DEAH family proteins, including the helicase and C-terminal domains. The alignment includes residues 96–736 of Prp43.
The complete sequences of Prp43 and JA2 have been deposited in GenBank, accession numbers U41851 and AF005090, respectively. The seven
highly conserved motifs (I–VI) of the putative helicase domain are boxed. The positions of single amino acid changes introduced by mutagenesis
are indicated with black boxes. Highly conserved motifs of the C-terminal domain are also boxed.
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indicating that the effects of the mutation were not lethal at
37°C.
We confirmed that the ts phenotype was due to the prp43–1
allele by complementation experiments using a pRS316 plas-
mid carrying a wild-type copy of PRP43 (pRSJA1), a truncated
PRP43 gene (pRSJA1sn), or a pYCP50 genomic clone carrying
a 15-kb fragment containing PRP43. Only the plasmids car-
rying the complete PRP43 gene restored growth at 37°C (Fig.
2a). These results demonstrate that the ts phenotype of the
prp43–1 strain was indeed caused by the mutant gene. In
contrast, none of these plasmids could complement the ts
phenotype of prp22–1 cells carrying an identical mutation in
the prp22 gene, indicating that the two genes are functionally
distinct.
G194D and S247L Mutations Confer a dn Phenotype. The
mutagenesis approach described above was successful for the
generation of a new ts strain, prp43–1, with the G395E
mutation. Among other mutant constructs tested we observed
that G194D transformants grew very slowly at 23°C, producing
very small colonies that reverted to wild-type growth after
replica plating. No ts colonies were isolated, suggesting that
this mutation has an unconditional deleterious phenotype. We
then tested whether the prp43 alleles carrying the mutations
G194D or S247L confer a dn phenotype. The same amino acid
changes in Prp2 confer ts and dn phenotypes, respectively. In
addition, the same Ser to Leu change in the conserved SAT
motif of a human Prp22 homologue (HRH1) also results in a
dn phenotype (21). We constructed CEN and 2m plasmid
derivatives (pRS416 and pRS426, respectively) containing the
wild-type, G194D, or S247L prp43 alleles under control of the
GAL1 promotor (p416G.ja1, p416Gja1.194, p416Gja1LAT;
and p426G.ja1, p426Gja1.194, p426Gja1LAT, respectively).
These constructs were used to transform wild-type yeast cells,
and transformants were tested for growth on synthetic minimal
medium (18) containing glucose (SM-Glc) or galactose (SM-
Gal) agar plates at 23°C. The GAL1 promoter is off in the
presence of glucose and is turned on in the presence of
galactose. All transformants could grow well on SM-Glc plates.
However, those carrying G194D or S247L alleles failed to grow
on SM-Gal plates, demonstrating that these mutations have a
dn phenotype (Fig. 2b). Therefore we assigned the names
prp43-dn1 and prp43-dn2 to prp43 alleles carrying the G194D
and S247L mutations, respectively.
Interestingly, after initial growth in liquid culture in SM-Glc,
prp43-dn2 transformants continued to grow well after the
pelleted cells were washed and resuspended in SM-Gal liquid
medium. However, prp43-dn2 cells growing in liquid SM-Gal
were unable to grow when transferred to SM-Gal solid me-
dium. This behavior is similar to that observed with the ts
phenotype of prp43–1 (discussed above), which after growing
in liquid medium at 37°C, failed to grow when transferred to
solid medium. This puzzling observation indicates that the
requirement for Prp43 function is greater for cells growing on
solid media. Consistent with this interpretation, tetrad dissec-
tion of a diploid carrying a single copy PRP43::HIS null allele
produced only 2 viable (HIS2) spores, indicating that PRP43
is essential for growth in solid media. The reason for the
different media-specific requirements remains to be under-
stood.
Prp43 Is Involved in mRNA Splicing. To investigate if Prp43
plays a role in RNA processing, we performed a Northern
analysis of RNA prepared from prp43–1 cells after incubation
at 37°C for 2 hr in liquid medium. Using a probe complemen-
tary to the intron of the actin pre-mRNA, we found that
prp43–1 cells incubated at the nonpermissive temperature
showed higher levels of pre-mRNA and excised intron lariats
relative to wild-type cells. This phenotype differs from that of
prp22–1 cells, which we here show to accumulate lariat inter-
mediate as well as pre-mRNA and intron, from prp16–2 cells,
which are blocked at the second step splicing, and from prp2–1
cells, which are blocked before the first step of splicing (Fig.
3a). The ts splicing phenotype of prp43–1 was complemented
by the wild-type PRP43 gene but not by a truncated PRP43
gene (Fig. 3b), demonstrating that the ts splicing phenotype is
indeed due to the prp43–1 gene. This suggests that Prp43 is
involved in nuclear pre-mRNA splicing. Analysis of U1, U2,
U4, U5, and U6 snRNAs on the same Northern blot showed
no fluctuations in the RNA levels, thus ruling out the possi-
bility that the ts phenotype of prp43–1 is caused by destabili-
zation of these snRNAs (not shown).
Intron Lariats Accumulate in Spliceosomes. The splicing
activity of yeast extracts prepared from ts prp mutant strains is
often inactivated by brief heating at 30–37°C. We attempted to
inactivate prp43–1 extracts under various conditions without
success. However, when these extracts were compared with
wild-type extracts, it was evident that prp43–1 extracts accu-
mulated intron lariats independently of heat treatment (data
not shown). To investigate possible effects of prp43–1 on
spliceosome assembly and disassembly we analyzed the distri-
bution of splicing products among the various splicing com-
plexes formed in vitro. Extracts from wild-type, prp43–1, and
prp22–1 strains were heated to 30°C for 1 hr. This treatment
corresponds to the standard inactivation of prp22–1 extracts
FIG. 2. (a) Complementation of the prp43–1 ts phenotype. The
prp43–1 and prp22–1 strains were transformed with the following
plasmids: pYCP50, control vector; pYCP.ja1, genomic pYCP50 clone
containing an '15-kb fragment including PRP43; pRS316, control
vector; pRSJA1, pRS316 carrying PRP43; and pRSJA1sn, pRS316
carrying a truncated PRP43 gene. From each transformation, eight
colonies were randomly selected and arranged in rows for ts testing.
The upper panel shows the growth of prp43–1 transformants. The
lower panel shows growth of prp22–1 transformants at the indicated
temperatures. (b) Constructs containing the PRP43 gene under control
of the GAL1 promotor were subcloned into the low-copy-number CEN
plasmid pRS416 and the high-copy-number 2m plasmid pRS426.
Identical clones were also prepared for PRP43 alleles carrying the
mutations G194D and S247L. All constructs were used to transform
wild-type yeast cells. Uracil-independent (URA1) transformants were
isolated and tested for growth on glucose and galactose. The plasmid
and PRP43 allele harbored by the transformants is shown in the
schematic below.
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(16). After heat treatment, splicing of radiolabeled actin
pre-mRNA was carried out at 15°C and the spliceosomal
complexes formed were separated on a nondenaturing gel as
previously described (22). The splicing complexes formed are
shown in Fig. 4a. Complex A consists of at least three different
spliceosome stages containing pre-mRNA, intermediates, or
the excised intron lariats. Complex B is the prespliceosome and
contains pre-mRNA only. C1 and C2 are a heterogeneous
group of nonspecific complexes containing mostly pre-mRNA.
Finally, complex D, which is often very diffuse and low in
abundance, corresponds to a group of complexes containing
mRNA and excised introns that result from spliceosome
disassembly. A hallmark of the prp22–1 phenotype after heat
inactivation is the complete lack of complex D formation due
to failure to disassemble the spliceosome, resulting in accu-
mulation of spliceosomes containing mature mRNA and in-
tron lariats (16). The formation of splicing complexes in
prp43–1 extracts was not affected by the heat treatment.
However, elution of RNA from the complexes shown in Fig. 4a
and analysis in denaturing 8 M urea gels showed that, in
prp43–1 extracts, spliceosomes containing intron lariats (com-
plex A) appear to be as much as 10-fold more abundant than
spliceosomes containing pre-mRNA (note that because of the
difference in length and base composition the radiolabel
specific activity of introns is approximately half that of pre-
mRNA), while spliceosomes containing intron appear to be
only 2-fold higher than pre-mRNA in wild-type extracts.
Furthermore, mRNA could be found at wild-type levels in
complex D, indicating that the release of mRNA from spli-
ceosomes was not affected by the prp43–1 mutation (Fig. 4b).
The quantity and identity of the RNAs in complexes B, C1, and
C2 from prp43–1 extracts were identical to the wild-type
complexes (not shown). These observations suggest that the
observed in vivo stabilization of excised introns in prp43–1 cells
shifted to 37°C is due to retention of introns in spliceosomes
that failed to disassemble.
Prp43 and Pre-mRNA Splicing. We have shown that the
prp43–1 mutation induces accumulation of pre-mRNA and
FIG. 3. (a) Northern blot analysis of total RNA prepared from yeast strains grown at room temperature (2) and after shift to 37°C for 2 hr
(1). WT, wild type. The blot was probed with a radiolabeled DNA fragment complementary to sequences of the intron of the actin gene. (b) The
indicated strains and prp43–1 transformed with various complementing plasmids were grown at room temperature and shifted to 37°C. Total RNA
was prepared after temperature shift and analyzed by Northern blotting as in a. A schematic representation of each splicing product is shown to
the right.
FIG. 4. (a) Splicing extracts from wild type (WT), prp43–1, and prp22–1 were heated for 60 min at 23°C or 30°C as indicated. Standard splicing
reactions were then set with radiolabeled actin pre-mRNA and the previously heated extracts. Splicing complexes formed were resolved by
nondenaturing PAGE. See text for description of complexes. (b) Splicing complexes were sliced off the gel in a and their eluted RNA contents
were resolved by denaturing PAGE.
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excised intron lariats in vivo, suggesting a role in pre-mRNA
splicing. prp43–1 splicing extracts yielded increased levels of
intron lariats; however, they were as active as wild-type extracts
and produced wild-type levels of all other splicing products,
indicating that spliceosome assembly and the two catalytic
steps of the splicing reaction were not affected by the prp43–1
mutation. In this respect, it is interesting to compare the
phenotypes of prp22–1 and prp43–1. In vivo, prp43–1 cells
accumulate pre-mRNA and intron lariats but no intermediate
products. In contrast, our Northern analyses show that prp22–1
cells not only accumulate introns and pre-mRNA as previously
described (17) but also accumulate intermediate lariats. This
observation suggests that limiting splicing factor(s) required
for the second step of splicing are released from the spliceo-
some concomitant with or after the release of the mRNA but
before the release of the intron lariat. Thus, when prp43–1 cells
are switched to nonpermissive temperature, all spliceosomes
containing pre-mRNA are able to complete the first and
second steps of splicing and release the mRNA. However as
intron-containing spliceosomes accumulate, various factors
and snRNPs required for spliceosome assembly and the first
step of splicing are depleted, causing accumulation of pre-
mRNA. A possible explanation for our observations is that
Prp43 may play a role in accelerating spliceosome disassembly
after the release of mRNA, thus ensuring efficient recycling of
splicing factors. An interesting hypothesis is that Prp43 medi-
ates spliceosome dissasembly by inducing an ATP-dependent
comformational change in one or more snRNPs. As illustrated
in Fig. 5, multiple putative RNA helicases are required during
spliceosome assembly and the catalytic steps of splicing. Ex-
tensive RNA conformational changes occur during spliceo-
some assembly that may be mediated by RNA-dependent
ATPases. Additional energy-dependent conformational
changes may also be required to induce spliceosome disassem-
bly and to return snRNPs to their initial state. The requirement
of RNA-dependent ATPases for the release of splicing prod-
ucts and spliceosome disassembly suggests that this is a highly
ordered process that regulates the recycling of splicing factors.
The study of yeast splicing factors has been instrumental for
the identification and cloning of mammalian homologues,
including a human homologue of PRP22, HRH1, for which a
role in mRNA release has been demonstrated (21, 23). In the
accompanying paper (24), Gee and colleagues describe the
isolation of a mouse homologue of PRP43, mDEAH9, which
can complement the ts growth defect of prp43–1.
Searches of the yeast genome database revealed only five
ORFs encoding DEAH-box proteins. Four of them corre-
spond to the splicing factors Prp2, Prp16, Prp22, and Prp43.
The biological function of the fifth DEAH-box gene (JA2) has
not yet been elucidated; however, it is tempting to speculate
that it also may be involved in pre-mRNA splicing. The
approach taken here to generate ts and dn alleles should be
instrumental to answer this question and to further investigate
the role of Prp43 and other DEADyDEAH-box proteins in
splicing.
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